Herein we describe the synthesis of several fluorescent analogues of the clinically approved microtubule destabilizing agent vinblastine. The evaluated probes are the most potent described and provides the first example of uptake, distribution and live cell imaging using this well known antimitotic agent.
Previously described fluorescent vinblastine conjugates employ derivatization at the C4 or C4′ position. 12 Unfortunately, these first generation probes provided modest half maximal activity and failed to provide drug distribution in live cells. Based on structural analysis we reasoned that modification at the C3 position would be an alternative. We thus created a small library of compounds that differ in spacers and fluorochromes to identify the candidate with ideal imaging properties in live cells.
We began the synthesis by treating vinblastine with hydrazine in methanol at 60 °C to furnish desacetyl vinblastine hydrazide (Scheme 1). 13 The hydrazide was then dissolved in 1 M HCl at 0 °C and stirred with sodium nitrite for 10 minutes, forming the corresponding acyl azide. 14 This intermediate was immediately reacted with either ethylenediamine or 1,11,-diamino-3,6,9-trioxaundecane to give amines 1a and 1b respectively (see experimental). Varying the linker length between the drug and fluorophore has been shown to affect binding affinity and cellular distribution characteristics, 15 therefore we selected a short (1a) and long (1b) linker to vary the SAR.
Appropriate fluorophores for live cell imaging must be bright, photostable and non-toxic. We selected the green emitting boron-dipyrromethene based fluorophore (BODIPY) and the far-red emitting silicon-rhodamine (SiR) for conjugation. Both fluorophores have proven particularly successful for live cell imaging applications. 16 Additionally, we incorporated the recently described boron-modified BODIPY variants (BODIPY-EG), which display enhanced water solubility, and a decreased propensity for getting trapped in lipophilic cellular compartments compared to its difluoro counterpart. 17 To complete the syntheses, amines 1a and 1b were dissolved in a mixture of DMF and triethylamine to which was added the corresponding fluorophore-NHS. This yielded short and long linker vinblastine conjugates of BODIPY (2a/2b), BODIPY-EG (3a/3b), and SiR (4a/4b). We evaluated the absorption and emission characteristics of the different probes at 1 μM in PBS (0.1 % DMSO). All three dyes display small stokes shift and tight absorption and emission bands, characteristic of their respective fluorophore class (Scheme 1), which may be limiting in certain applications but have proven to be suitable for in vitro and in vivo imaging. 16 Next, we measured the half maximal inhibitory concentration of the probes against the ovarian cancer cell line OVCA429 to determine the effect of linker length and dye selection ( Figure 2 ). Live cells were incubated with the corresponding compound at different concentrations for 3 days followed by analysis using a PrestoBlue ® cell viability assay (see experimental). Vinblastine (IC 50 = 9.45 nM) proved to be the most potent followed by BODIPY conjugates 2a/2b (IC 50 = 30.2/43.0 nM). The SiR series 4a/4b followed with IC 50 = 140.7/180.7 nM. Interestingly, the BODIPY and SiR series display enhanced potency for the ethylenediamine derivatives over their PEG 3 spacer counterparts. Finally, conjugates 3a/3b were the least effective (IC 50 = 493.7/412.2 nM) and showed a reversal in inhibition with the long linker derivative 3b being more potent than the short linker derivative 3a.
Commercially available C4 modified vinblastine-BODIPY ( Figure S9 , experimental section) had modest activity (IC 50 = 247.5 nM).
Additionally, we evaluated the inhibitory effect the probes have on tubulin polymerization using a tubulin polymerization assay. It is based on the unique feature of DAPI (4′,6-diamidino-2-phenylindole) fluorescence increasing upon binding to polymerized tubulin. 18 We measured the time to achieve half maximal tubulin density at 2 μM of compound (K d Next, we acquired high-resolution images of the most potent conjugate 2a at varying concentrations in the human fibrosarcoma cell line HT1080, transfected to express RFP tubulin (Figure 3) .
At high probe concentration we observed the formation of microtubule paracrystals, a unique imaging phenotype specific to vinblastine. 19 This occurs when microtubules depolymerize into vinca-bound α/β tubulin heterodimers followed by reorganization to form birefringent uniaxial crystals. 20 At lower agonist concentrations of 10 μM and 1 μM probe 2a causes microtubule depolymerisation into tubulin aggregates in addition to having cytoplasmic distribution. This confirms previous reports of vinblastines propensity to only bind microtubule tips, thus leading to the majority of intracellular drug being in an unbound state. Intrigued by the microtubule paracrystalline formation induced by probe 2a we desired to observe the effects of the remaining probes on microtubule reorganization.
Probes 2b, 3a/3b and 4a/4b were incubated in OVCA429 cells transfected with CellLight ® tubulin-RFP, washed once with media then imaged (Figure 4 ). Average paracrystal length was determined using MATLAB software (see experimental). We observed the PEG 3 versions 2b, 3b, and 4b provided a greater density and paracrystal length compared to their short linker counterpart's.
The PEG 3 analogue 2b gave similar paracrystal size compared to native vinblastine (8.44 μm). The boron-modified BODIPY derivatives 3a and 3b also produced paracrystals. Unfortunately, both displayed an increased propensity for loss of signal (agonist) after washing when compared to their lipophilic counterparts 2a/2b. This is most likely caused by the enhanced water solubility of the ethylene glycol modified BODIPY's and their decreased binding affinity. Interestingly, no paracrystal formation was observed in the siliconrhodamine derivative 4a. However, the cellular phenotype was observed in the PEG 3 analogue 4b with dimensions comparable to the short linker counterpart's 2a/3a. We hypothesize that the zwitterionic nature of the silicon rhodamine probe impedes paracystal formation by providing non-favorable interactions between adjacent tubulin heterodimers.
In conclusion, we have designed and synthesized a small series of cell permeable vinblastine-fluorophore conjugates, several of which retain the potency of the therapeutic compound and provide the only live cell imaging and cellular distribution of this mitotic inhibitor. We envision these probes to find use in the study of single cell pharmacokinetics, pharmacodynamics and drug transport mechanisms. Finally, the vinblastine-SiR probe 4b may find use in stimulated emission depletion (STED) microscopy to provide structural insight of microtubule reorganization by vinblastine. Live cell imaging of vinblastine-fluorophore conjugates in OVCA429 cells transfected with CellLight ® RFP tubulin. The cells were incubated with 100 μM of probe for 3.5 h in media followed by a single wash and then imaged. Average paracrystal length is displayed at the top right. Bar = 10 μm. 
